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ABSTRACT
Several hundred stars older than 10 million years have been observed to have infrared
excesses. These observations are explained by dust grains formed by the collisional
fragmentation of hidden planetesimals. Such dusty planetesimal discs are known as
debris discs. In a dynamically cold planetesimal disc, collisional coagulation of plan-
etesimals produces planetary embryos which then stir the surrounding leftover plan-
etesimals. Thus, the collisional fragmentation of planetesimals that results from planet
formation forms a debris disc. We aim to determine the properties of the underlying
planetesimals in debris discs by numerically modelling the coagulation and fragmen-
tation of planetesimal populations. The brightness and temporal evolution of debris
discs depend on the radial distribution of planetesimal discs, the location of their inner
and outer edges, their total mass, and the size of planetesimals in the disc. We find
that a radially narrow planetesimal disc is most likely to result in a debris disc that
can explain the trend of observed infrared excesses of debris discs around G-type stars,
for which planet formation occurs only before 100 million years. Early debris disc for-
mation is induced by planet formation, while the later evolution is explained by the
collisional decay of leftover planetesimals around planets that have already formed.
Planetesimal discs with underlying planetesimals of radii ∼ 100 km at ≈ 30AU most
readily explain the Spitzer Space Telescope 24 and 70µm fluxes from debris discs
around G-type stars.
Key words: Planet formation – Debris discs.
1 INTRODUCTION
The circumstellar discs observed around several hundred
main sequence stars are mainly gas poor, faint discs, and
are mostly revealed by excess infrared emission around the
stars. Dust grains to which the observed emission is at-
tributed have lifetimes much shorter than the ages of the
central stars; dust grains are continuously replenished by col-
lisional cascades from hidden planetesimals, approximately
kilometer-sized or larger bodies. However, since gravity plays
a dominant role in determining the outcome of planetesimal
collisions, collisional fragmentation of planetesimals to start
collisional cascades needs collisional velocities between plan-
etesimals exceeding their surface escape velocities. There-
fore, significant perturbations to increase the collisional ve-
locities between planetesimals for collisional fragmentation
are required for the formation of debris discs. Plausible
candidates for the perturbations of planetesimals in debris
discs are (i) an early stellar encounter (Kobayashi & Ida
2001), (ii) the existence of massive gaseous planets (e.g.,
Mustill & Wyatt 2009), and (iii) the formation of planetary
⋆ hkobayas@nagoya-u.jp
embryos in a planetesimal disc (e.g., Kenyon & Bromley
2004). In this paper, we focus on debris discs induced by
planetary formation.
Planetesimals formed in a protoplanetary disc are ex-
pected to have low random motions. Collisions between
planetesimals result in coagulation. Gravitational focusing
and dynamical friction lead to runaway growth of planetes-
imals and the formation of a single planetary embryo in
each annulus of the disc. Embryos continue growing by col-
lisional accretion of leftover planetesimals, which themselves
do not grow significantly. Once embryos become sufficiently
massive, planetesimals start effective collisional fragmenta-
tion. Small bodies resulting from collisional fragmentation
of planetesimals collide with each other and become smaller
still. The collisional cascade grinds bodies down until radi-
ation pressure from the host star blows them away.
The collisional cascade and the subsequent blow-out
reduce the surface density of planetesimals in the disc.
Along with this reduction, embryo growth stalls (e.g.,
Kobayashi et al. 2010) and the dust mass supplied by the
collisional cascade decreases. On the other hand, the for-
mation timescale of planetary embryos is longer in the
outer disc; planetary growth propagates from the inner to
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Figure 1. The ratios of disc fluxes Fdisc,ν for G-type stars to
the stellar fluxes F∗,ν observed (but not necessarily detected) at
both wavelengths λ = 24µm (open circles) and 70µm (filled cir-
cles), as a function of the ages of host stars (Bryden et al. 2006;
Chen et al. 2005a,b; Kim et al. 2005; Beichman et al. 2005, 2006;
Meyer et al. 2004; Hines et al. 2006; Moro-Mart´ın et al. 2007;
Hillenbrand et al. 2008).
outer disc. When the dust mass produced by planet forma-
tion decreases in the inner disc, subsequent planet forma-
tion increases the dust production rate in the outer disc.
Therefore, inside-out planet formation can maintain a de-
tectable amount of debris in broad planetesimal discs (e.g.,
Kenyon & Bromley 2004, 2008). Note that the brightness
evolution of debris discs depends on the broadness of initial
planetesimal discs, as shown below.
Planetesimal formation is still a critical issue in the the-
ory of planet formation. Recently, it has been shown that
planetesimals may be formed from pebbles accumulated in
vortices in a turbulent disc (e.g., Cuzzi, Hogan, & Shariff
2008) or by direct collisional coagulation of fluffy dust aggre-
gates (Okuzumi et al. 2012). Planetesimal size depends on
the formation process. In addition, planetesimal formation
might occur in limited locations. The initial planetesimal
size and spatial distribution influence the planetary embryo
formation timescale and therefore the temporal evolution of
a debris disc.
Infrared surveys by IRAS, ISO, the Spitzer Space Tele-
scope and others have shown that infrared excesses from de-
bris discs around main-sequence stars are common. In par-
ticular, various photometric surveys of hundreds of nearby
stars have been conducted by the Spitzer Space Telescope.
Although observations have been done for many types of
stars, in this paper we are interested in planet formation
around solar type stars, and thus we focus on debris discs
around G-type stars. The observed infrared excesses mainly
decay with stellar age (see Fig. 1). The time evolution of
debris discs induced by planet formation depends on the ra-
dial profiles of the initial planetesimal discs, the initial sizes
of planetesimals, and their total masses. Therefore, the tem-
poral evolution of infrared excesses gives constraints on the
conditions of planetesimal discs that produce planets and
debris discs.
In this paper, we investigate the temporal evolution of
debris discs induced by planet formation. In § 2, we esti-
mate the radii and masses of debris discs from observational
Spitzer MIPS data. In § 3, we describe our collision model
and the mass evolution of bodies through collisions. In § 4,
we carry out simulations for debris disc formation induced
by planetary embryo formation, and give constraints on ini-
tial conditions; the radii of the inner and outer edges of ini-
tial planetesimal disc, initial disc mass, and the initial radius
of planetesimals. In § 5, we discuss the origin of the inner
and outer edges of discs, such as gas depletion, early stellar
encounters, and planetesimal formation, and their relation
with the solar system.
2 DISC RADII AND MASSES
We consider an optically thin debris disc radially distributed
from rin to rout. The received flux at frequency ν, Fdisc,ν ,
from thermal emission of the disc around a central star at a
distance D from the observer is given by
Fdisc,ν =
1
D2
∫ rout
rin
∫ smax
smin
2pirCgQabs,νns(s, r)Bν(T )dsdr,
(1)
where Cg = pis
2 is the geometrical cross section of a spherical
grain with radius s, Qabs,ν is the absorption efficiency at
frequency ν, ns(s, r)ds is the surface number density of dust
grains with sizes ranging from s to s + ds at a distance r
from the central star, T is the dust temperature dependent
on s and r, Bν(T ) = 2hν
3/c2(ehν/kBT − 1) is the Planck
function, c is the speed of light, h is the Planck constant,
and kB is the Boltzmann constant. The flux is sensitive to
the smallest grain radius smin, compared to the largest one
smax. In debris discs, dust grains are supplied from collisional
fragmentation. Small grains with radius . 1µm are blown
out by radiation pressure around the solar type star (e.g.,
Burns, Lamy, & Soter 1979; Kobayashi et al. 2008, 2009).
The temperature of dust particles is determined by the
energy equilibrium between stellar radiation and thermal
emission, given by
4
∫
∞
0
Qabs,νBν(T )dν =
R2∗
r2
∫
∞
0
Qabs,νBν(T∗)dν, (2)
where the stellar radiation is assumed to be blackbody with
effective temperature T∗ and R∗ is the radius of the central
star. If the dust radius is much larger than the incident radi-
ation wavelength λ = c/ν, Qabs,ν ≈ 1. For s ≪ λ, Qabs,ν ≈
2pisk/λ, where k is the imaginary part of the complex refrac-
tive index (e.g., Bohren & Huffman 1983). For blackbody
grain (Qabs,ν = 1), the temperature is independent of grain
size and is given by T ≈ 280(r/1AU)−1/2(R∗/R⊙)1/2K,
where R⊙ is the solar radius.
The fluxes of debris discs around G-type stars, Fdisc,ν ,
divided by host star fluxes F∗,ν were obtained from pub-
lished observations at 24 and 70µm with the MIPS pho-
tometer of the Spitzer Space Telescope (see Fig. 1). The
debris discs revealed by high-resolution imaging are nar-
row rather than broad and their dust size distributions are
approximately given by a single power law due to colli-
sional cascades. If we assume that rin = r, rout = 1.1r,
smin = 1µm, smax ≫ smin, and ns(s, r) = As−7/2 where
A is a constant, we obtain r and A from flux ratios at 24
and 70µm. Fig. 2 shows the radii (r) and masses of observed
disks. The disc masses correspond to the total masses of
© 2013 RAS, MNRAS 000, 1–??
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grains smaller than 1mm. Although Qabs,ν = 1 for black-
body grains, for realistic grains, we apply Qabs,ν calculated
from Mie theory using the complex refractive index of dirty
ice1 (Bohren & Huffman 1983). For bodies smaller than the
peak wavelength of the thermal emission spectrum, grain
temperatures calculated for dirty-ice grains are higher than
those for blackbody grains. The disc radii obtained for dirty-
ice grains are thus 2–5 times larger than those for black-
body grains. Disc masses estimated using dirty-ice grains
are larger by an order of magnitude.
The dependence on stellar ages may indicate the evo-
lution of discs. Disc radii decrease after several billion years
and disc masses peak around 100 million years. However,
it should be noted that we obtain disc radii and masses
by excluding data with flux ratios smaller than 0.06 (0.15)
for λ = 24µm (70µm) due to observational uncertainty
(Bryden et al. 2006). Discs around older stars mainly have
flux ratios lower than the limit for λ = 24µm because
of large disc radii. Therefore, we cannot obtain radii and
masses of most old discs through this analysis.
3 MODEL
In debris discs, small grains are removed within a short
timescale mainly by collisional fragmentation and radia-
tion pressure. Kilometer-sized or larger parent bodies are
required to maintain debris discs in timescales compara-
ble to the ages of their host stars. Parent bodies with low
random motions initially undergo collisional growth, rather
than fragmentation, and then planets are formed via run-
away/oligarchic growth. Once planets are substantially mas-
sive, leftover planetesimals start collisional fragmentation,
resulting in debris disc formation. In this section, we de-
scribe our model of the outcomes of single collisions and
the mass evolution of bodies through collisions to investi-
gate thermal flux evolution caused by planet formation in
planetesimal discs.
3.1 Mass Evolution of Bodies and Collisional
Outcomes
The formation and growth of planetary embryos that induce
dust production in a planetesimal disc are investigated via
statistical simulation developed in Kobayashi et al. (2010).
The mass evolution of bodies is caused by mutual collisions
dependent on the random velocities of bodies, which are af-
fected by the mass distribution of bodies. The mass and
velocity evolution is therefore coupled. Although we do not
follow the orbits of bodies, our simulation that calculates
the mass and velocity evolution can reproduce the embryo
formation results of N-body simulation (Kobayashi et al.
2010).
The random velocities of planetesimals, determined by
1 The composition of dirty ice is ice, organics, and silicates,
whose volume ratio is set to be 2:1:1 according to the local inter-
stellar cloud (Kimura, Mann, & Jessberger 2003). The complex
refractive index of dirty ice is calculated using those of ice (Warren
1984), organic refractory material (Li & Greenberg 1997), and
astronomical silicate (Draine & Lee 1984) through the Maxwell-
Garnett mixing rule.
orbital eccentricities and inclinations, increase due to stir-
ring by planetary embryos, which induce collisional fragmen-
tation. Collisions between already fragmented bodies made
them even smaller. Once fragments are smaller than ∼ 1µm
in radius, they are no longer bound to the host star due
to the contribution of radiation pressure and are mainly
blown out before being destroyed in mutual collisions (e.g.,
Burns, Lamy, & Soter 1979). Therefore, such a collisional
cascade reduces the total mass of planetesimals. Although
the mass reduction in some previous studies had been inves-
tigated under the assumption that catastrophic collisions
are dominant, Kobayashi & Tanaka (2010) found that weak
erosive collisions are more important for the mass reduction
of planetesimals by collisional cascades. They obtained an
analytical solution for the mass reduction including erosive
collisions, and this is reproduced by our simulations. There-
fore, we can accurately follow both planet formation and
debris production.
Dust production is mainly determined by the total
ejecta mass, me, from a single collision between bodies with
masses m1 and m2, given by
me =
φ
1 + φ
(m1 +m2). (3)
Here φ = m1m2v
2
col/2(m1 + m2)
2Q∗D is the scaled impact
energy, where Q∗D is the specific impact energy required for
the ejection of half of the mass of the colliders and vcol is
the impact velocity. Collisional simulations of dust aggre-
gates (very small particles) suggest that Q∗D is independent
of aggregate size and of order 107erg/g (Wada et al. 2013).
For large bodies, Q∗D is purely determined by gravity and is
thus proportional to the square of the surface escape veloc-
ity. For intermediate-sized bodies (1 cm–100 km in radius),
hydrodynamic simulations show that Q∗D increases with ra-
dius, s, for s > 0.1–1 km, while Q∗D decreases with s for
s < 0.1 km. Therefore, we model
Q∗D = Qs
[
1 +
( s
1 cm
)−bs]−1
+ρ
[
Qg,1
( s
1 cm
)bg,1
+Qg,2
( s
1 cm
)2]
, (4)
where ρ is material density and Qs, bs, Qg,1, bg,1, and
Qg,2 are constants. We apply Qs = 1.6 × 107 erg/g, bs =
−0.39, Qg,1 = 1.2 erg cm3/g2, and bg,1 = 1.26 based on
Benz & Asphaug (1999), and Qg,2 = 5.0 × 10−3 erg cm3/g2
based on Stewart & Leinhardt (2009).
We investigate the collisional evolution of bodies in a
disc after gas depletion. Since the eccentricities of planetes-
imals increase to as much as unity, we take into account the
reduction of the surface density of planetesimals due to scat-
tering from planetary systems. According to the results of
N-body simulations by Ida & Makino (1992), the eccentric-
ities of bodies in each mass bin have a Rayleigh distribution.
The fraction of bodies with eccentricities larger than unity
is negligible for a small mean value of the distribution, while
the fraction is significant for a mean value close to unity. If
the mean eccentricity becomes larger than 0.25, we remove
the fraction of bodies with eccentricities larger than unity
and set a new mean eccentricity determined by the leftover
bodies.
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Figure 2. Disc radii and masses obtained from observational data with flux ratio larger than 0.06 (0.15) for λ = 24µm (70 µm) in Fig. 1
for dirty-ice grains (open squares) and blackbody grains (filled circles), as a function of host star age.
3.2 Optical Depth and Thermal Emission
In our simulations, we follow the evolution of the optical
depth τ , where
τ (r) =
∫ smax
smin
Cgns(s, r)ds. (5)
Substituting τ into Eq. (1), the disc flux is re-written as
Fdisc,ν =
1
D2
∫ rout
rin
2pirτ (r)Sν(r)dr, (6)
where
Sν(r) =
[∫ smax
smin
CgQabs,νns(s, r)Bν(T )ds
]
×
[∫ smax
smin
Cgns(s, r)ds
]−1
. (7)
For blackbody dust, Sν(r) = Bν(T ) for T corresponding to
the temperature at r. Even for realistic dust, if the size dis-
tribution of ns(s, r) is known, Sν(r) can be obtained. We
use Sν(r) obtained from the temperature of dirty ice dust
and the assumption that ns ∝ s−7/2. Although our simula-
tions yield size distributions, we use the simple Sν(r) to save
computational cost in fitting over a wide parameter range
in §4.2. Since there is no significant difference between the
simple and realistic Sν , our treatment does not affect the
results. Note that we directly obtain τ from simulations be-
cause the error of τ estimated from large bodies under the
power-law assumption is much greater than that of the sim-
ple Sν .
Active radial transport of bodies occurs via interac-
tion with gas in protoplanetary discs or by the Poynting-
Robertson effect in gas-free discs. Hence, simulations with
multiple annuli are required. However, the radial drift
of bodies is negligible in most observed discs because
the collisional timescale is shorter than the radial drift
timescale due to the Poynting-Robertson effect for τ &
3 × 10−5(r/10AU)−1/2 (Wyatt 2005). We thus ignore ra-
dial transport in our simulations.
4 RESULT
4.1 Evolution of Optical Depth
We simulate the formation of planets and a debris disc at
r = 10AU in a disc with Σ = 0.95 g cm−2, equivalent to
the solid surface density in the minimum-mass solar nebula
model (Hayashi 1981). Since the size distribution of bodies
is narrow prior to runaway growth of planetesimals, we set
a single size population of planetesimals with radius s0 =
10 km at the beginning of the simulation. In the simulation,
the radius of the smallest bodies is set to be 1µm, below
which dust grains are blown out on a Keplerian timescale.
The cumulative surface density and optical depth of
bodies larger than a given radius s with eccentricities e and
inclinations i are shown in Fig. 3. Planetary embryos of radii
∼ 103 km form in ∼ 107 years but then the surface density is
mainly determined by bodies of ∼ 10 km: Runaway growth
produces massive embryos but most remaining bodies re-
tain the initial size almost without growth. The stirring of
massive embryos increases e and i of leftover planetesimals
and induces their collisional fragmentation. The collisional
cascade of bodies smaller than 10 km reduces the surface
density and optical depth of the disc within a timescale of
several 107 years.
Figure 4 shows the evolution of planetary embryo mass2
and optical depth τ at 5, 10, and 20AU. Planetary em-
bryos initially grow exponentially (runaway growth) but
subsequently they grow slowly due to the high e and i
of stirred planetesimals (oligarchic growth). Once embryo
masses reach ∼ 10−3M⊕, the optical depth rapidly increases
due to collisional fragmentation of planetesimals induced by
embryo formation. Finally, their growth is stalled due to
the reduction of the surface density of planetesimals caused
by collisional cascade, which gradually reduces the optical
depth.
Debris disc formation induced by planet formation was
also investigated in previous studies (Kenyon & Bromley
2 We define planetary embryo mass as the average mass of “run-
away bodies” that can have orbital separations of 10 Hill radii
(see Kobayashi et al. 2010).
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Figure 3. Eccentricity (solid curves, top panel), inclinations
(dotted curves, top panel), and the cumulative surface density
(middle panel) and optical depth (bottom panel) of bodies larger
than a given radius s at r = 10AU in a disc of planetesi-
mals with initial radius 10 km and the initial surface density
Σ = 0.95 g cm−2.
2004, 2008; Weidenschilling 2010). Due to high computa-
tional costs, the radii of the smallest bodies in their simula-
tions were set to be much larger than the blow-out size. The
authors mainly determined the evolution of the resultant
smaller bodies based on the theory of collisional cascades
(power law distribution). However, the distribution does not
follow the power law distribution before the onset of active
collisional fragmentation due to planet formation and even
for collisional equilibrium the distribution has wavy struc-
tures around the blow-out size (Lo¨hne, Krivov, & Rodmann
2008). To calculate optical depth accurately, bodies larger
than the blow-out size should be followed in a simulation.
Therefore, we treat all bodies larger than the blow-out size
(1µm in radius).
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Figure 4. Evolution of planetary embryo mass (top panel),
eccentricity (black) and inclination (gray) of 10 km-radius bod-
ies (middle panel), and optical depth τ (bottom panel), starting
from 10 km-radius planetesimals for Σ = 2.7 g cm−2, r = 5AU
(dotted curves), Σ = 0.95 g cm−2, r = 10AU (solid curves), and
Σ = 0.34 g cm−2, r = 20AU (dashed curves), where Σ is the solid
surface density.
The rapid increase in τ is caused by embryo formation
via runaway growth. We empirically know that the growth
timescale is inversely proportional to ΣΩ in runaway growth
(e.g., Ormel, Dullemond, & Spaans 2010), where Ω is the
Keplerian frequency. On the other hand, τ gradually de-
creases on a collisional timescale, that is inversely propor-
tional to ΣΩ (Kobayashi & Tanaka 2010). The optical depth
is expected to be proportional to Σ. Therefore, we scale the
temporal evolution of τ . As shown in Fig. 5, the scaled tem-
poral evolution is in good agreement with the actual sim-
ulation. Owing to this scaling, numerous simulations with
different annular radii and surface densities are not neces-
sary to treat a broad disc: We can calculate evolutionary
fluxes for each choice of disc parameter based on the time
evolution of τ given by a single simulation.
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Figure 5. Same as the bottom panel of Fig. 4, but opti-
cal depth τ and time t are divided by (Σ/0.95 g cm−2) and
(Σ/0.95 g cm−2)−1(r/10AU)3/2, respectively.
It should be noted that the temporal evolution of τ
depends on the initial planetesimal radius s0, as shown in
Fig. 6. For smaller s0, runaway growth occurs earlier and
thus τ increases earlier. Once active dust production occurs,
more frequent collisions of more fragile planetesimals (lower
Q∗D) for smaller s0 lead to higher dust production: Smaller
s0 results in higher τ , whereas τ decays earlier for smaller s0.
For s0 . 10 km, τ increases along with runaway growth of
planetesimals, while τ increases prior to runaway growth for
larger planetesimals. When the runaway growth starts, plan-
etesimals have random velocities vr =
√
e2 + i2vk as large as
the surface escape velocity, vesc, of the planetesimals, where
vk is the Keplerian velocity. Since their specific impact en-
ergies at the beginning of runaway growth are much smaller
than Q∗D of planetesimals with s0 . 10 km, τ is very low
before runaway growth and suddenly increases at the onset
of runaway growth. For s0 & 100 km, the specific impact
energy is slightly smaller than or comparable to Q∗D of ini-
tial planetesimals at the beginning of runaway growth. Due
to collisional erosion of planetesimals, collisional cascades
increase τ prior to runaway growth, resulting in the small
peak value of τ . Therefore, the dependence of τ evolution on
s0 is complicated, because fragmentation efficiency of plan-
etesimals determined by Q∗D depends on s0. Although we
cannot derive a formula for s0 dependence, the scaling for
Σ and r is valid for each value of s0.
4.2 Evolution of Disc Flux
We obtain the disc flux by the integration of τ over r using
Eq. (6). For the integral, we introduce a power-law surface
density model of
Σ = xΣ10
( r
10AU
)−p
, (8)
where Σ10 = 0.95 g cm
−2 is the reference surface density
at 10AU, corresponding to that at 10AU in the minimum
mass solar nebula model (Hayashi 1981), and x is a scaling
parameter.
Figure 7 shows the temporal evolution of flux from a
wide disc from 5 to 100AU and from a narrow disc from 10 to
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Figure 6. Temporal evolution of embryo mass (top), the ra-
tio of random velocity vr of bodies with initial radii s0 to their
surface escape velocity vesc (middle), and optical depth (bot-
tom) for different initial planetesimal radii s0 = 0.1–1000 km with
Σ = 0.95 g cm−2 at 10AU.
50AU with x = 1 and p = 1.5, initially composed of 10 km-
radius planetesimals (s0 = 10 km). The fluxes increase at
around 106 years for the wide disc, but 10 times later for the
narrow disc. This is caused by planet formation around the
inner edges of the discs. The vertical optical depth around
the inner edges gradually decreases after planet formation
occurs (see Fig. 4), while planet formation propagates to the
outer disc. This growth propagation maintains high fluxes
until the growth front reaches the outer, cold disc or the
outer edge of the disc. For the 24µm flux, thermal emission
from the disc beyond several 10AU has a smaller contribu-
tion. Since the growth front reaches the cold region, the flux
decreases after 100 million years. On the other hand, 70µm
thermal emission from cold disc has a larger contribution.
The flux decreases when planetary formation has finished at
the outer edge of disc.
Fig. 8 shows the flux ratio evolution for different radial
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Figure 7. Temporal evolution of flux ratios at 24µm (top) and
70µm (bottom) for s0 = 10 km, x = 1, and p = 1.5 in a wide disc
(rin = 5AU and rout = 100AU; solid curves) and a narrow disc
(rin = 10AU and rout = 50AU; dotted curves). Circles indicate
the observational data shown in Fig. 1.
distributions of surface density. Since the surface densities at
the inner edge are different, the flux ratios rise later for large
p. After the rapid rise of flux ratios, growth propagation in
the disc determines the flux ratio evolution. For 70µm, the
flux ratios decrease for p > 1, while the ratio increases for
p = 0.
Since the flux ratios from discs with x = 1 are much
larger than those obtained from observations, we further in-
vestigate the temporal evolution of flux ratios for less mas-
sive discs (Fig. 9). The maximum flux ratios decrease with
decreasing x, while flux ratios rise later for smaller x be-
cause of a longer planet growth timescale. In order to explain
lower observational flux ratios at 10–100 million years, small
x and rin are necessary: The flux evolution for x = 10
−3
and rin = 1AU seems more reasonable. However, the model
fluxes are relatively high at 24µm and too low at 70µm,
compared to observational data: The model disc radius is
smaller than those estimated from the observational data.
Indeed, while the disc radii estimated from observational
data are much larger than 5AU at 10–100 million years (see
Fig. 2), the model flux with x = 10−3 comes from the disc
inside 5AU before 1 billion years.
The temporal flux evolution depends on the initial size
of planetesimals (Fig. 10). For small planetesimals, plane-
tary formation starts at the inner edge early and, of course,
the growth front reaches the outer edge early. For s0 = 0.1
and 1 km, the fluxes are very high before 10 million years and
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Figure 8. Dependence of flux evolution on p for s0 = 10 km,
x = 1, rin = 5AU and rout = 100AU.
then start decreasing at 108–109 years: These model fluxes
are much larger than observational ones before 109 years. On
the other hand, the fluxes increase later for larger planetes-
imals and the fluxes remain high even after 109 years: The
model fluxes significantly exceeds observational ones after
108 years. Therefore, the smooth discs seem unlikely to ex-
plain the observational data even for a wide range of initial
planetesimal sizes (0.1–1000 km).
4.3 A Typical Disc
For each initial planetesimal radius, the most likely param-
eters to explain the observational data are found using a
Monte-Carlo method for x = 10−4–100, disc edge radii rin
and rout ranging from 5AU to 400AU, and p = 0–2. From
χ2 tests, we obtain the best-fit parameters for the averaged
data of the flux ratios at 24 and 70µm and their ratios in
age bins3. Note that our best fit disc is no attempt to cover
the observed variety of disc radii and masses with a single
set of disc parameters. Instead it is meant to represent a
typical or average disc.
3 The mean values are (log10Age[yr], log10 Fdisc,ν/F∗,ν |24µm,
log10 Fdisc,ν/F∗,ν |70µm) = (7.32,−0.63, 1.17), (8.03,−0.73, 1.55),
(9.02,−1.27, 0.70), and (9.80,−1.39,−0.51), which are ob-
tained from the average of logarithmic values for age bins,
log10 Age[yr] = 6.5–7.5, 7.5–8.5, 8.5–9.5, and 9.5–10.5. For
averaging, we use all data if the flux ratios exceed 0.15 at 70 µm,
and we adopt 0.03 for the flux ratios at 24 µm if they are smaller
than 0.06.
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Figure 9. Dependence of flux evolution on x ranging from 10−3
to 1 for s0 = 10 km, p = 1.5, rin = 5AU, and rout = 100AU
(solid curves). For x = 10−3, the flux ratio at λ = 24µm is below
0.05. Since the planet formation timescale becomes longer for low
x, we also apply a smaller inner disc radius of rin = 1AU for
x = 1× 10−3 (dotted curve).
The likely parameter sets for several values of the initial
planetesimal radius s0 are listed in Table 1. Fig. 11 shows
the flux-ratio evolution for these likely parameters. Nar-
row discs are most likely to reproduce the observed fluxes.
Due to the narrowness, the χ2 values are similar for broad
ranges of p and x as long as the total planetesimal mass
Mtot is the same: The best fits are achieved for the relation
Mtot = 2pixΣ10(10AU)
p(r2−pout − r2−pin )/(2 − p). The errors
for p and x are not described in Table 1 because of correla-
tion. They can be evaluated using the above relation. The
smallest χ2 values are obtained for s0 = 0.1 km, which is
achieved in a very narrow parameter space. This is caused
by the absence of fitted data at around 30–90 million years.
If we exclude this parameter space, cases with s0 = 100 km
best represent observations. For s0 = 100 km the χ
2 values
near minimum are achieved for the wide range of Mtot (see
Table 1). Therefore, the most likely initial planetesimal size
seems to be of order 100 km.
5 DISCUSSION
Planetary embryos formed via runaway growth in a plan-
etesimal disc induce collisional fragmentation of planetesi-
mals that can supply dust grains to a debris disc. Planet
formation propagates from the inner to outer disc, and the
dust supply region moves in turn with planet formation.
10−1
100
101
102
100 102 104
100
102
104
24µm
70µm
F d
isk
,ν
 
/ F
*
,ν
F d
isk
,ν
 
/ F
*
,ν
Age [Myr]
1km
0.1km
10km
100
km
100
0km
1km
0.1km
10km
100
km
100
0km
Figure 10. Dependence of flux evolution on s0 ranging from 0.1
to 1000 km for x = 1, p = 1.5, rin = 5AU, and rout = 100AU.
Since collisional fragmentation reduces the surface density of
planetesimals, the dust production rate gradually decreases
after planet formation occurs. As a result, planet formation
forms narrow debris discs from inside out if initial plan-
etesimal discs have a smooth radial distribution or have
no radial cutoff. However, we find that planetesimal discs
are likely narrow to account for most observational fluxes of
debris discs around G-type stars. Planet formation in nar-
row planetesimal belts can also better explain debris discs
around A-type stars (Kennedy & Wyatt 2010). For G stars,
the plausible disc radii are estimated in this paper to be
25–35 AU for an initial planetesimal radius of s0 & 10 km,
whereas they are 40–80 AU for smaller initial planetesimals.
Their radii are comparable to those obtained from the sim-
ple estimate shown in § 2, whereas the total mass of bodies
is not well determined from the simple estimate because of
the uncertainty of the size distribution of large bodies (see
Fig. 2 and Table 1). In addition, from more detailed analy-
ses we find that 100 km sized planetesimals are most likely
to explain the observational fluxes.
The fluxes of debris discs are mainly determined by
thermal emission of dust grains of size 1–100µm. How-
ever, in previous studies, the debris disc fluxes caused by
planet formation are calculated by extrapolation from the
results of simulations that only treat bodies larger than
∼ 1m (Kenyon & Bromley 2004, 2008). Therefore, their
model fluxes are underestimated by a factor 3–10, compared
to simulations handling down to 1µm-sized dust grains. On
the other hand, previous simulations included a gaseous
component with a lifetime of 107 years, while we ignore the
© 2013 RAS, MNRAS 000, 1–??
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Table 1. The best-fit parameters to observational data: For each initial planetesimal radius s0, the inner and outer radii of the disc
rin and rout, the surface density scaling factor x, the surface density radial slope −p, and the total mass Mtot of the initial planetesimal
disc are listed. The errors for x and p are discussed in the main text.
s0 [km] rin [AU] rout − rin [AU] x p Mtot [M⊕]
0.1 70.6+1.3
−0.04 13.5
+0.03
−5.1 0.23 1.1 5.7
+0.5
−0.2
1 39.6+0.7
−0.8 1.47
+1.33
−0.77 0.40 0.56 14
+0.01
−1.5
10 34.3+0.1
−0.8 2.23
+1.53
−0.12 1.34 0.04 33
+2.9
−1.8
100 30.5+0.7
−1.3 1.75
+1.48
−0.07 2.6 0.0 45
+49
−13
1000 26.3+0.4
−1.2 1.16
+1.29
−0.43 79 1.9 122
+50
−71
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Figure 11. Temporal evolution of the flux ratios using best-fit
parameter sets listed in Table 1 for initial planetesimal radii of
0.1, 1, 10, 100, 1000 km.
effects of gas even in early times. Even starting with similar
initial planetesimals, the time when disc fluxes increase is
earlier for our simulation. This means that gas drag plays
an important role in flux evolution before 100 million years.
Indeed, since collisional cascades cannot effectively produce
1µm-sized bodies in a gaseous disc (Kobayashi et al. 2010),
disc fluxes may not rise before gas depletion occurs.
If gas depletion is taken into account, the inner edge
of a disc may also be naturally explained. If discs still
have as much gas as the minimum-mass solar nebula, col-
lisional fragmentation between bodies smaller than about
10m does not occur because of damping due to gas
drag. Hence, collisional cascade induced by planet for-
mation do not significantly produce bodies smaller than
10m and the bodies at the low-mass end of the colli-
sional cascade are depleted by radial drift due to gas drag
(Kobayashi et al. 2010; Kobayashi, Tanaka, & Krivov 2011;
Kobayashi, Ormel, & Ida 2012). After gas depletion, colli-
sional cascades can produce smaller bodies and then debris
disc fluxes increase. If planet formation occurs inside a ra-
dius rgas prior to gas depletion, planets are subsequently
formed beyond rgas in a gas-free disc. If rgas corresponds
to the inner edge radius rin of a planetesimal disc that we
assume in this paper, the flux evolution is expected to be
similar: The inner edges of planetesimal discs may be re-
lated to the gas depletion of protoplanetary discs. On the
other hand, gas giant planets formed inside rin dynamically
clean up around their orbits, which may also contribute to
the formation of the inner edges of planetesimal discs.
Planetesimal formation beyond several 10AU is difficult
because radial drift is more rapid than the collisional growth
of dust in protoplanetary discs; possible formation region of
planetesimals via collisional growth is inside several 10AU
(Okuzumi et al. 2012). On the other hand, if stars are born
in a cluster, stars experience close stellar encounters dur-
ing their escape from the cluster. Such an early stellar en-
counter truncates the disc; a stellar passage at ≈ 100AU as
expected in the relatively dense clusters produces an outer
edge of planet forming region at 30AU (Kobayashi & Ida
2001) and explains some dynamical properties of Kuiper belt
objects (Kobayashi, Ida, & Tanaka 2005). Therefore, plan-
etesimal formation and/or an early stellar encounter may
explain the outer edges of planetesimal discs.
In the solar system, Jupiter and Saturn were formed
before the gas lifetime of the solar nebula, while Uranus
and Neptune were formed after significant gas depletion.
Planet formation in gas-free discs might have occurred be-
yond 10–20 AU. An early stellar encounter as an explana-
tion of the orbital distribution of Kuiper belt objects may
yield the outer edge of the planetesimal disc at around
50AU (Kobayashi, Ida, & Tanaka 2005). Therefore, narrow
planetesimal discs composed of large planetesimals (s0 ∼
100 km) that are very likely to form debris discs might be
similar to that of the solar system. Taking into account gas
depletion, the similarity to the solar system should be ad-
dress in future studies.
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